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Part |I. Hydraulic and Heat Transfer Calculations for EC

EC Specifications:

—
u

rJ_L|—|

/ 211812 [=200.00]

g12.992 [330.00]

|'/| /;AQ

i —
i H—
9744 [247.30]
16248 [415.24]
74,620 [1895.3]—
Figure 1: Electron Collector
Inside Diameter, mm 300
Qutside Diameter, mm 330
Length of EC, mm 247
Cooling Channel Diameter, mm 9
Number of Cooling Flow Loops 10
Number of Flow Passes per Loop 6
Total Number of Flow Passes 60
Flow Rate per Loop, gpm (Ipm) 4 (15.1)
Pulse Heat Load, kW, Max. 300°



A summary of fthe calculations of pressure drop and heat transfer
in the EC shown below are as follows:

Pressure Drop for Each Flow Loop, psi 34°
Cooling Water Temperature Rise for DC beam 28 C
Length of EC Exposed to Beam (approx), mm 170
Aver Temperature Difference, Tube to Water, DC beam 95 C
Aver Heat Flux on EC Inside Diameter, watt/cm?2 187°¢
Aver Heat Flux on Cooling Channel, watt/cm2 104
Ratio of Channel Heated Area to EC Inside Area 1.8

Notes:

a. The EC design heat load during the pulse is 300 kW. The average heat

C.

load for pulsed beam will be only 45kW (15%) for a 30 mS pulse at 5
hz.

Pressure drop is for single—phase flow without subcooled boiling. Several
references indicate that the pressure drop becomes less when subcooled
boiling starts, then greater as boiling increases.

The heat flux on the EC inside diameter corresponds to 300kW, uniformly
distributed.



Hydraulic and Heat Transfer Calculations:

Pressure Loss through Electron Collector- (Crane Technical Paper No. 410)

Flow diameter de =9 -mm
Flow Area Ac = .785- dg>2
Ac=6.359x 10" °n?
Volumetric Flow Rate - 0i=a.33L  _ 5 g4y liter
min min
Flow Veloci vo=2
ow Velocity, v e

v=3.969msec *

2

Kinematic Visc @ 60 degF (16 degC) v=1.169.10 6.
secC
Absolute Visc @ 60 degF (16 degC) p=.00112- ngec
Density @ 60 degF (16 degC) 0y =999.2.22
3
m
Reynolds Number Npe = 22V

A%

Nye=3.056x 10

(This Reynolds No. is in the transition zone between laminar and turbulent flow.)

friction factor (Moody Diagram) £-=_ 033

friction factor (turbulent) fr:=.030



Resistance Coefficients: (ki)

Tube Length -each loop L:=1722-mm
L
Tube Factor, k1 k1 ¢=(f'd—c)
k1=6.3
Entrance, k2 kp:=.5
Exit, k3 K3=1.0

Elbows (12), k4 kq :=60-ft
kt=k1+k2+k3+12-kg

kt =29.4

Pressure Loss: V2
hr, =kt - T “Pw

hi,=2.315x 10°Pa

hr, =33.573psi

Water Temperature Rise (Tout - Tin) at Peak Heat Load:

(This would be the water temperature rise at a DC (non-pulsed) condition, where
Q=mc(Tout-Tin). The actual temperature rise will be the At below times the duty factor,
where DF = pulse duration times pulse frequency.)

0, = peak heat dissipated by EC gT :=300-kW
B n:=10
n = number of cooling loops .
liter
Q=15.142—"—
_ min
Q = flow rate thru each loop joule
cwi=4.183 ————
o gm-degC
cw = specific heat of water _ar
q1=—
g1 = heat removed thru each loop g1 =3x 10%watt
m] =Py C
-1
m1 = mass flow thru each loop m1 =0.252kgsec
q1
Atq1 =
tl my - Cy

At= temperature rise at DC condition
Ag1 =28.4degC



Calculation of Average Temperature Difference across Channel Wall/\Water

Boundary during Steady State Heat Flux for Turbulent Flow:

Lhc = approx heated length of collector I.D.
p = number of passes per cooling loop

kw = conductivity of water @ 60 degF (16 degC)

Aty = tube/water heat transfer area equals tube
circum X heated length

Npr = Prandtl No. of water @ 60 degF (16 degC)

Nnu = Nusselt No.
(use Dittus-Boelter Eqn.for turbulent
flow based on bulk fluid temperature

from 'Heat Transfer', Chapman)

h = Nnu*kyy/dc where h = heat transfer

coefficient

Atw = temperature difference between

EC channel wall and bulk water.

Average Heat Flux (qa) on Inside Collector Surface during Pulse, da

Rcol=inside radius of collector

Acyl=Inside Area of Cylindrical Collector

0av = average heat flux on EC I.D.:

Lhe: =170 -mm

p:=6
watt

kw:=.595-
v m-degC

Atwiz(ﬂ'dc)'LhC'P
2
Atw=0.029m
Npr =7.88

.8 .3
Nnut = .023 -Nre 'Npr

Nnut = 165.5

Nnut -k
he == nu w
dc
watt
he =1.094 x 1042—
m~ -degC
d1
Ath:
ht -Atw

Aty =95.1degC

Rcol (=150 -mm
Acyl :=2-m:Rcol-Lhc

Acyl =0. 16m2

aT
Acyl

Jav =

watt
dav = 1.872—2

mm



Ratio of Flow Area to Inner Collector Surface Area

n-Atw
Acyl

Rarea =

Rarea=1.8

Average Heat Flux on Water Channel Area during Pulse, daf

Qaf: dav
af =
Rarea
watt
qaf=1.04—2
mm



Part Il. Transient Thermal FE Model of EC
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Figure 2: FE Model of 6-Degree EC Segment (Half Section)

The FE Model:

1. The model is a 6—degree segment of the cylindrical EC with
symmetry boundary condifions applied. The segment is
centered on one of the 60 cooling channels.

2. The material of consfruction is beryllium copper, C1/510. The
properties are as follows:

Density, kg/m3 8,830
Specific Heat, J/kg—C 419
Modulus, E, Pa 1.38e11
Poisson Ratio .35

Coef of Exp, ppm/C 17.7
Conductivity, W/m—C 242

Yield Strength, ksi 80—100%*
Ultimate Strength, ksi 100—-130%*
Fatigue Strength, ksi 38—44%

(10® cycles)

EC-Final-Calculations.doc -10 - 5/13/2006



*The above strengths represent the ‘AT" temper, solution
annealed, precipifation age hardened.

3. The inside diametfer of the EC collector and the front disk
face are heated by a 30mS, 5 hz pulsed electron beam. The
heat flux power distribution on the inside cylindrical surface
as a function of Z is shown in figure 3 below®. The heat flux
extends from Z=1945 to 2116mm. The front inside face of
the EC is at Z = 1895.3mm. The heat flux on the front disk
face during the pulse is 5 kW, corresponding fo 9./
watts /cm?.

450.0

400.0

350.0

p (watt/cm”2)

100.0

50.0

O-O T T T T T T T T
1920.0 19400 1960.0 1980.0 2000.0 2020.0 20400 2060.0 2080.0 21000 21200 2140.0
Z (mm)

—&—p_averaged

Figure 3: Power Density Distribution on EC, 15kV, 20.4A

This distribution is shown applied to the FE Model in figure 4.
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Figure 4: Heat Flux
Distribution, FE Model
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4. Convective cooling (calculated in part |) is applied on the
inside of the water channel and at the fwo front disk cooling
channels as an overall heat fransfer coefficient equal to 1.1e4
watt/m?*C at a bulk water temperature of 20C.

5. The thermal fransient analysis yields the following resulfs:
Time to reach the maximum femperature distribufion, the
fluctuating temperature response from the pulsed beam during
the first 5 cycles, and the temperafture response after a long
time (LT).

6. In the last case the load conditions that were applied to
defermine the femperature response after LT pulsing are as
follows:

a. Load Step 1: Steady state heat flux in watts/m? at
the averaged pulse intensity is applied fo establish an
initial average temperature distribution.

b. Load Step 2: Apply the full pulse heat flux shown in
the figure for 30 mS.

c. Load Step 3: Remove the heat flux for the remainder
of the cycle, 170 mS.

d. Load Steps 4—7/: Repeat LS 2 and LS 3 for two more
cycles.

-12 -



Transient Thermal Analysis Resulfs:

1. The time for the EC fo reach fthermal equilibrium is
approximately 10 seconds. Figure 5 shows the average
temperature versus time at highest femperafure node.

&0

Figure 5: Temperature
Equilibrium Plot at
Node 7910

TEME, C

20

o 2 k) [ 8 10
1 3 5 7 =]
TIME, sec

2. The first 5 cycles (1 second) are shown in figure 6.

&0

- 7910
5O
|
s R150
8298
Temp, T 44 7910
8064
o 8298 "“"-Jl
8064
25 |
200
o .2 .4 .G =] 1
.1 .3 H5 T .9

Time, sec

Figure 6: Temperature Cycling - Start of Pulsing

-13 -



The temperature distribution of the EC at the end of the 30
mS pulse affer LT cycling is shown in Figure /. Figure 8, fthe
temperature response plof, shows the temperature range
between 52C and 73C.

NODAL SOLUTION ’“‘

_ MAR 8 2005
HlElee 13:48:00
3UB =5
TIME=.4Z:ZZ
TEME {AVE)

R ava=0
SMN =Z0,53Z2
SME =73.048 ;A\X
20.532 32.02 43.508 54.996 66. 484
26.276 37.764 439,252 60.74 73.048
File: ec model
Figure 7: Temperature Distribution
75
70
65
mempy © Figure 8: Time-
E8 Temperature (Node
7910)
55
50 (x1O**—1}

Time, sSec
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4. The maximum heat flux into the cooling channel is .457x10°
watts/m? (.457 W/mm?) and it occurs 16mS after the end of
the 30 mS pulsed beam. Figure 9 shows the radial heat flux
in W/m? (negative is toward the center of the cooling

channel). Figure 10 shows the time plot of the heat flux.

NODAL SOLUTION

TIME=.438011
TFX (AVE)
REYE=11

SMN =-.10BE+07
SMEZ =62781

-193434

-170091

FAlL

APR 23 2003
14:53:41

Figure 9: Heat Flux, X-dir (X-
dir is toward center of channel)

-.10BE+07 -530102 —-550094 -330087

855105 -705025 -455091

Figure 10: Heat Flux at EC Inside
Diameter (Node 7910) and at
Channel (Red — Node 10157)

HELUX,
7910

jf0157

-z05084

W/mz

(x10%%3)
400

—100
N ]

—&00 I 1S R I -

—=1100

—-1600

—z100 | N |

—ZSDD‘ | .l

-3100

=-3600

200mS

e
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Verification of Transient Thermal Response:

.14 .15 .22 .26 .3

.24 .28 .32 .36 .4
.34 .35 .42 .46 .5 .54 .58

Time,

Sec

-44 .45 .52 .56 .6

The following calculation esftfimates the temperature rise of beryllium

copper subjected to a surface heat flux of 350 watts per cm2 for

30mS to be 23C. The FE model
22.5C (See figure 6).

result gives a temperature rise of

- 15 -



Estimate of Temperature Rise in Semi-infinite Solid with Heat Generation*?

k = conductivity, watt/m*C

e . watt
¢ = specific heat, joule/kg*C Koy := 242 degC
p = density, kg/m3 joule
o = diffusivity, m2/sec Cou =419 eaC
x = distance from incident surface, m kg
T = time, sec Peu= 8830—3
to = initial surface temp. m
g = heat flux at x = 0, watt/m?2

to = 20degC X:= On‘

b = 35100

2
m
7 :=.03sec
ke _ .
. dey = 6.541x 107 > sec
PcuCeu
X .
Zi=— variable z
-"4‘acu“f
z
2 _p? .
erfz:= _J e " dB error function, erf
Vo

erfcz:= 1 - erfz complementary error function, erfc

. 1 - 22 . . .

ierfcz:=—-e ~ - zerfcz integral complementary error function, ierfc

T

At = (%~,/4'qcu'r‘ierfczj

u

At = 22.861degC

-16 -



Part Ill. FE Model Structural Analysis

The cycling stress resulting from the pulse—induced femperature
gradient is evaluated at two fimes:

1. In the early times when pulsing has just begun (fig 6).
2. After the EC has reached maximum temperature (fig 8).

The EC deflection is .1Tmm maximum in the axial direction.
Mean Stresses and Stress Ranges at Start of Pulsing:

Figure 11 shows the stress range af the maximum stress
location on the inside diametfter of the EC. The Von Mises stress
here changes from about 5+/—5 ksi to 14+/—2 ksi in the first
five cycles. The stresses on the outside diameter shown in figure
11 are considerably less.
Notes:
e. The Von Mises sfress is used as the failure criferia.
f. The straight lines connecting the max and min points
do not represent the actual stress—time histories, which
are not linear.

|- - - -von Mises Hoop ID — — Avial ID |
20,000
15,000
10,000 4 S T
1 L] = 1 - N i
5,000 4+ g
Max, Min . L Time, se¢
Stress, Psi T T T T T T T T T
00 %2 03 04 05 0B 07 08 08
-5,000 < a A "
. 7 y 7 " A
\, */ \ e # 2
’
10,000 5 < //\L,/ e \1 /,‘,
\/ \ /\V /\ ’
-15,000 » — \//

-20,000

Figure 11: Maximum Stress on EC Inside Diameter
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Figure 12: Maximum Stress on EC Outside Diameter

Mean Stresses and Stress Ranges at Steady Cycling:

The mean Von Mises stress at the maximum location (on ID) is
23.8 ksi with a stress range of .5 ksi (+/—.25ksi).

Max. Stress Levels, ksi

Load | Von | Hoop Stress | Axial (Z) Stress
Step | Mises
Stress | Ten | Comp | Ten | Comp
O.D.|ILD. |O.D.|ID.

End |24.1 |1.80 | -27.4 | 4.73 | -9.66
of

Pulse
Start | 23.6 | 193 |-27.3 | 558 |-15.2
of

Pulse

Figures 13, 14, and 15 show fhe stress confours at the end of
the pulse. Stress levels are in Pascals (1x10° Pa=14.5 psi).

-18 -
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Figure 14: Tangent or Hoop Stress-End of
Pulse (27.4 ksi 1.D. compression,
dropping to 27.3 Kksi)

Figure 13: Von Mises Stress-End of 30
mS Pulse (24.1 ksi max, dropping to
23.6 ksi)
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Summary:

The results of the FE model using beryllium copper, C1/7/510, AT
temper show that the sfress levels are well below the yield
strength. The maximum Von Mises stress occurs on the inside
diamefer of the EC and is 24 ksi, about 30% of the yield sfrength.
The inside diametfer stresses are compressive. The outside diameter,
tensile sfresses are much lower.

-20 -



Part IV. Analysis of Fatigue Strength of Copper Alloys for EC

Considerations in Evaluating Fatfigue Life:

Fatigue is a complex phenomenon resulting from microscopic crack
propagafion. Fatigue failures frequenftly result from material or
manufacturing flaws. The calculation of fatigue life for the electron
collector is an estimate for several reasons:

1. The documented fatigue strengths of materials are
determined from cyclic axial tensile loading or reversed
bending (i.e., rotating beam) fatigue tests, instead of
thermal cycle loading.

2. Fatigue tests are performed under ideal conditions using
carefully machined sftandard fest specimens with polished
surface finish.

3. Fatigue ftests provide fatigue sfrength data based on fully
reversed load cycles with a mean sfress of zero. For non—
zero mean siress the fatigue life is esfimafed by
extrapolation methods, such as the Modified Goodman
Diagram.

4. The EC will be constructed of a copper alloy material.
Copper alloys do not have a defined endurance limit (i.e.,
stress level below which fatigue failure will never happen).
The fatigue strength of copper alloys continues fo decrease
with increasing cycles, and fatigue failure will occur
eventually regardless of how low the sfress amplitude.

Note: Some metals have a definite endurance limif, such as
ferrous and fitanium alloys.

Procedure for evaluatfing fafigue:

1. Mean stress levels and stress ranges resulting from the
thermal load cycle of the pulsed beam are calculated using
FE methods.

2. Obtain fatigue strength of copper alloys that can be used
in EC from manufacturer or published fatigue test results.
Fatigue strength is the stress that will cause failure at a

-21 -



given number of compleftely reversed stress cycles with a
zero mean stress.

3. Calculate "modified fatigue strength’ to adjust the fatigue
strength obtained in step 2 (idealized conditions) to reflect
actual condifions. This fakes into account the actual
operating temperature®, actual surface finish of the part,
and confidence level in the resulf.

4. Develop the Modified Goodman Diagram to defermine fafigue
strength at non—zero mean stress conditions. See Fig /.10
below from Ref (3).

5. Evaluate suitability of copper alloy to be used in the EC by
comparing the calculated ‘in service' stresses (i.e., mean
stresses and stress ranges) to the limits shown on the
modified Goodman diagram.

Figure 7.10 Com-
plete modified Goodman
diagram, plotting stress
as ordinate and mean
stress as abscissa.

Conclusions:

The maximum stress calculated in Part Il is 28,800 +/—250 psi,
occurring on the EC inside diametfer. Fortunately, the higher
stresses on the inside diameter are compressive and less
susceptible to fatigue failure (shown by the higher permissible

-22 -



stress range at the bottom compressive part of the Goodman
diagram). The outside diameter stresses are tensile, and about 25%
of fthe inside diamefer stresses. The stress amplitudes resulfing
from fhe pulsed beam are very low, generally less than 3 ksi. This
includes both fthe start of beam pulsing and steady cycling at
maximum operating temperature. The Modified Goodman Diagram,
Figure 16, developed in the following calculation indicates that

these amplitudes will not cause fatigue failure up to 10° cycles. A
few notes of caution are:

1. The material properties of the EC should not be degraded
by vacuum furnace brazing, or must be resfored affer
brazing.

2. The conductivity of the beryllium copper used in the EC
should be certified. |t would be preferable to use the Brush
Wellman high purity grade, Hycon 3 HP® since it has 75%
of the conductivity of OFHC copper, further reducing stress
levels.

3. Beryllium copper does not have a defined endurance limif.
In theory the material will eventually fail as cycles are
accumulated. While failure due to 10° cycles is not
expected, this corresponds to only 16+ weeks of full fime
running. Since 10° cycles is considered infinite life in most
applications, fatigue data beyond this may not be available.

Other methods fo improve the durability of the EC may also be

considered, such as beffer alloys, minimizing material or machining
flaws, or surface work hardening techniques (e.g., shot peening).

-23 -



Fatigue Calculation for Beryllium Copper

The Fatigue Calculations are based on the methods found in Ref. (3):

Strength, S'f, of Materials; ~ Beryllium Copper®, Alloy 3:

Fatigue Strength  s._3g0 10%.psi
(108 cycles)
Yield Strength Sy =800 103~psi

Ultimate Strength s ._100.0 10%.psi

Calculation of Modified Fatigue Strength, St

Fatigue Strength Modification Factors:

Fatigue Stress Concentration Factor, K¢ Kg:= 10
~ 265
Surface Finish Factor, Ksf o =451 Sy
-from Table 7.3, Ref (a) for 125 p-in ' 10%.pa
kg = 0.798
*Size Factor, Kg kg = .6
Reliability Factor, ky kp= .9
-from Table 7.4, Ref (a),
90% probability of survival
Temperature Factor, k¢ ki = .92
-from Ref (c)
Kmp =10

Miscellaneous Factor, km

*Size factor takes into account the fatigue test specimen size compared to the

size of the actual part. It takes into account the higher probability of more flaws
being present in larger parts. The part size applies only in the area of high stress.
Although estimated above, the size factor for the EC cannot be determined very

accurately.
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_ Ksf ks Kr ke km S

s
£
Ke

1

S¢ = 1.506x 10" psi

Create Modified Goodman Diagram:

Make Modified Fatigue, Yield, and Ultimate Strengths Dimensionless for Plotting:

St sy S
S, = S,, = S, =
€ 3 y© 3 u 3
10™-psi 10" -psi 10" -psi
Se = 15.064 Sy =80 Su =100
Gma>("m) = (2-0m+ Sy) if —Sy <opm< (Se - Sy) GH:
(cm+Se) if Se—SySGm<O HA:
S S, —-9S
Se+cm-(l—s—e] if 0<op< y Se AB:
u e
1__
Sy
S, - S
. y ~ e
Sy if s SGmSSy BC:
l__
Sy
Smi(om) = | Sy if Sy <om<(Se-Sy) FG:
(om—Se) if (Se—Sy) <om<0 EF:
S S, -S
1+ — |io =S, if 0< o< | 2— DE:
Sy Se
1__
u
S, —-S
y "€ .
(20m-sy) if s Sopm<Sy CD:
1__
Sy
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Figure 16: Modified Goodman Diagram for BeCu,



Part V. Convective Heat Transfer In the EC®

Definition of Critical Heat Flux:

The thermal analysis of the water—cooled electron collector (EC) is
conducted to evaluate the suitability of fthe electron collector for
high heat loads. There are three possible modes of heat transfer
that can occur in fthis electron collector, cooled by water much
lower in temperature than saturation (i.e., subcooled): normal
single—phase convectfive heat transfer, subcooled boiling, or DNB
(departure from subcooled nucleate boiling). The first mode is
defined by conventional forced heat convection methods. In the
second mode subcooled boiling vapor bubbles form on the heated
surface and condense in the cold water away from the ftube wall.
The bubbles grow and collapse while affached to or sliding along
the heated surface. The process is somefimes accompanied by
noise and vibration. When subcooled boiling becomes fully
developed, heat transfer by the ‘single phase forced convection
process’ no longer exists since a bubble layer replaces the film
boundary layer. Interestingly, during fully developed boiling the
surface temperature of the collector wall approaches a maximum
value and is no longer significantly affected by the mass velocity
and degree of subcooling (p. 188,197). The last condition, known
as DNB, results in a severe drop in the local heat transfer
coefficient at the channel wall due to the replacement of wafer by
vapor, and may lead to failure. The heat flux that causes this
condition is called the critical heat flux, or CHF.

There are two ways in which the critical heat flux condition can be
reached: simply by a very high local heat flux and secondly by a
lower heat flux and a longer exposure. The first case is similar fo
pool boiling, because fhe mass velocity does not significantly affect
the CHF. In the latter case the watfer flows along a heated channel
long enough for boiling, then phase change to gas (higher void
fraction), followed by ‘dryout’ of the channel wall. In the electron
collector, however, the water enfers and leaves the short cooling
channel in the subcooled condition. Due to the high degree of
subcooling in the EC, safturated boiling and 2—phase flow do not
occur.
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CHF Factors in the EC:

Several empirical relationships (correlations) have been developed
for calculating the critical heat flux of tubes that are heated
uniformly axially and circumferentially. Although many of these
methods are based on a local condition hypothesis that the critical
heat flux is solely a function of the mass quality (or degree of
subcooling) at the point of overheating, these relationships evaluate
the crifical heat flux as heat is added uniformly along the fube.
The coolant gains energy as it flows through the channel, and the
critical heat flux occurs at the channel exif. The use of
independent variables of mass velocity, G, and distfance along the
heated tube, z, determines the degree of subcooling at the va
locaftion of interest based on uniform heat info fthe tube. The
application of these relationships to a tube that is non—uniformly
heafed circumferentially would result in an incorrect critical heat
flux value.

Most empirical correlations have been developed for verfically
oriented, sfraight tube applications. The EC flow passages are
horizontal, serpentine flow passages. ‘The difference in critical heat
flux between horizonftal and verfical tubes will decrease as the
mass velocity and/or the system pressure is increased and the
tube diameter is decreased'®(p. 365). Since the mass velocity in
the EC is very high, these methods are considered suitable for use.
The serpentine flow path (i.e., flow turns) has been noted to have
an adverse effect on the critical heat flux in fwo phase, low mass
velocity applications due to stratification and dry—out. It is
considered less of a concern in the EC, since saturafed boiling
does not occur in fthe highly subcooled wafer.

Operating Parameters of the EC:

The paramefers used in the calculafions for fthe electron collector
are as follows:
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. The electron collector inside diamefer is 300 mm and the
length is about 248 mm. The water passes through 9 mm
drilled passages in the 15 mm thick collector wall.

. There are 10 cooling loops in the collector wall; each loop
consisting of 6 serpenfine passes for a ftotal length of 1.5
meters.

. The total heat dissipated by the electron collector is 300 kW
during a 30mS, 5 hz pulse for an average of 45 kW, a
duty factor of .15.

. The wafer enfers the cooling channel af 30C, 122C
subcooled below fthe saturation temperature at the inlet
pressure of 5 bar. There is a 4C femperature rise of the
water through the cooling loop at a flow rafe of 4 gpm
(15 Ipm), so it exits at 34C at about 2.6 bar), which is
95C subcooled.

. The calculations were based on an overly severe 3.5
W/mm? peak heat flux impinging uniformly on the inner
collector surface (the actual varying distribution is shown in
Figure 3). The FE model determined the variable heat flux
distribution around the cooling channel circumference,
shown in Figure 9. The maximum heat flux reaching the
water channel was found to be only about .46 W/mm?
about 16 mS affter the end of the pulse.

. The overall heat transfer coefficient between the cooling

water and the EC cooling channel with 30C inlet water
temperature is calculated to be 13,800 watts/m?—C.
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Summary of the Heat Transfer Calculations:
Electron Collector Cooling:

The temperature of the water and the temperature of the cooling
channel wall along the flow path, z, is approximately shown in
Figure 17. The plot shows the water temperature, the average wall
temperature, and the wall temperature on the hot side along fthe
flow direction, z. The inlet and outlet water conditions are highly
subcooled and boiling does not occur in the 1.5 mefer long flow
channel of the EC. The differential temperature between the water
and the hot side of the channel wall, based on single phase
convective heat transfer, is calculated fo be 33 C. A possible
benefit of operating with boiling is that the EC wall temperature
stops increasing at the point where boiling starts, zon (onb—onset
of nucleate boiling). Also, the heat transfer rate increases
substantially during boiling. During partfial subcooled boiling the
heat transfer mechanism is defined by a combination of single—
phase convecfion and subcooled boiling. During fully developed
subcooled boiling, the differential temperature between the water
and the hot side channel wall will reach a maximum of 19C. A
reduction in the maximum temperature is an important factor in
the minimizatfion of sfress levels causing material fatigue failure.
The concern with boiling is that the collector may come closer to
operating at the crifical heat flux.

Critical Heat Flux (CHF):

The Bowring and Biasi Correlations were used to calculate the heat
flux at which surface temperatures rise sharply, possibly causing
rupture or melfing. In order fo avoid the misapplicaftion of fhe
maximum heat flux to a formula designed for uniform heating, fhe
Bowring calculation was made at 'z=0", the beginning of the flow
channel, using the subcooled conditions found at the exit. The
Biasi calculation is based on pressure only. The operating
parameters of the EC fall within the data range that the Bowring
and Biasi Correlations were empirically developed from, except for
the flow channel length used here (z=0). As a comparison the
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critical heat flux for Pool Boiling (Zuber) is provided, since mass
velocity is not a factor in full boiling®.

Critical Heat Flux, N x 10° watts/m?

Pressure, bar Bowring Biasi Pool Boiling
1 3.6 2.9 4.9
2 4.4 3.5
5 6.4 4.6
17 11.2 7.2
20 12.1 7.5 14.5

The maximum heat flux expected in the EC is about .46 x 10°
watts/m2 resulting from the short 30mS pulse. This is a
conservative margin compared fo the CHF values above at a wafer
pressure of 2 bar.

Other CHF Research:

Experiments by Boyd® provided results of CHF testing of steady
state subcooled flow boiling in uniformly heated, horizontal circular
channels. An example of the results is given as a comparison to
the data above:

Electron Collector Boyd

Exit Pressure, bar 5 4.5
Tube Diameter, mm 9 10.2
Tube Length, cm O0* 49

Mass Velocity, Mg/m?*—s 4.0 4.0
Inlet Temperature, C 20 30

Inlet Subcooling, C 126 122
CHF, W/cm? 640 above 700

*z=0 is used in the Bowring Correlation, and the exit
conditions applied directly (See Calc below). The channel
length of the EC is 150 cm.
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Calculations of Convective Heat Transfer in EC:

The calculation methods are in accordance with Reference (6). These methods are for
uniformly heated tubes, both circumferentially and along the flow direction. The calculations
below have been adjusted to reflect non-uniform circumferential heat flux.

Flow Conditions:

Inlet Bulk Temperature: T := 303K bar := 14.50377psi
Inlet Pressure, abs: Pj := 72:psi Pj = Sbar

Outlet Pressure, abs: Po = 38psi Po = 2.6bar

*Sat Temp In @ Pi: Tisat := 425K (lookup)

*Sat Temp Out @ Po: Tosat := 402K (lookup)

Sat Temp at 1 atm: Tatm.sat := 373K

Subcooling of Water, (ATgyp), is the saturation — ATsubi = Tisat — T#i
temperature of water at system pressure, Tgat

. ATsub| = 122K
minus the actual water temperature, T¥;.
Design Parameters:
Diameter of Channel D:=9mn
Channel length hi=15m 5
_ y=a B v=25x10 ‘L
Volumetric Flow, V min s
A= 785D
Channel Area A=64x 10 >
v-¥ v—4msl
Velocity A -
*Density, Inlet, @ Tfi pfi= 995k—(‘3’3 (lookup)
m
. . —6 N-s
*Viscosity, Abs, @ uj:=79810 — (lookup)
T watt "
Kj = -623—K (lookup)
*Conductivity, @ Tfi m |
B _ Cpi = 41772 (lookup)
*Specific Heat, @ Tfi gm-K
. - e 3, 2
Mass Velocity: G,=pfi'v G=3.95x 10 kgm"s

-32-



EC Collector Heat Load:

2
Heat Transfer Area for Single Ac=mDL Ac =0.042m
Cooling Channel
Qec = 45kW
Electron Collector Total Heat Load
n:=1C
No. of Cooling Channels
day = day = 1.1x IOSEZtt
Heat Flux at Cooling Channel, m
Average on = 45610° Eztt
Max Heat Flux from FE Model m
AU 4.3
Non Uniformity, ¢op/day bav
Calculate Reynolds No and Prandtl No:
_ pfibv _ HiCpi
re- " pr- K
4
Nre =45x 10 Npr =54
Using Seider & Tate
Calculate Overall Heat Transfer Coefficient: Eqn for high AT, ps
IS viscosity at surface
s 3 for Ts=107 F.
Nusselt Number: Nnu := 023 Nre - Nor (5.7) _ —6 Ns
ug == 74410 —
Npy = 199.2 m
k. Nprz = 4.1¢
1
hg:=—-N
Overall Heat Transfer °~ b e aafni)M
Coefficient in non- W Nnu2 =027 Nre " Nprz ™ "
boiling region, hq ho = 13.82— )
m-K Npup = 228.5

Calculate Water Temperature at Exit of Cooling Channel, z=L:

4-dav L

TeL =T + (5.2)

T = 307.3K
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Calculate Water Subcooling at z=L:

ATsupL == Tosat — TfL

ATsubL =94.7K

Calculate ATfh between the bulk water temperature and tube wall (hot side) in single
phase convective region, and AT¢gy, between the water and average tube wall temperature.

h
ATfh =—

ho
ATfp = 33.1K

av
ATfaV =

ho
ATfaV =7.7K

Calculate zg, distance z from flow entrance that subcooled conditions exist:

'(Tosat - Tfi) (5-3)

ZSC =
*Yav

ZSC = 346m
Since zg is greater than the cooling channel length, the average (bulk) water condition is
subcooled along the channel.

Calculate z' at T\y=Tijsat, the distance z from the flow entrance where the average tube
wall temperature equals the water saturation temperate:

(Ean 5.9, ATsat.onb=0)

Zl _ GCplD ATsubL B i
4 bav ho

z'=30.4m

Calculate ATsat.onb, Wall Temperature above Water Saturation Temperature at Onset of

Nucleate Boiling.
w/ Hot Side Heat Flux

w/ Average Heat Flux (Eqn 5.23)
Po .0234 Po .0234
463. — 463. —
n ar r 9 ar
dav n
watt watt
2 2
ATsat onp = 556 K| ——— 2 ATsat onbh = 556 K- m
P, 1.156 P, 1.156
1082 — 1082 —
L bar A bar

ATsat.onb = 2K ATsat.onbh = 4K
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Calculate the Tw max at Fully Developed Subcooled Boiling. (ATsgat), tube wall

temperature above the water saturation temperature in the subcooled boiling region, using
Jens and Lottes relationship.

w/ Average Heat Flux Ean (5.50) w/ Hot Side Heat Flux
-p
. 25 0 s _—Fo
av 62- bar '
ATggt :=25K| ——— | -e oh 62- bar
sat 6 watt ATggth =25K:| ——— | e
10— 6 watt
10 ——
m 2
m
ATsat = 13.7K ATsath = 19.7K
Twmax = ATsath + Tosat
T\NmaX: 4217K
Calculate Onset of Nucleate Boiling, zgnp, distance z from flow entrance to the
onset of nucleate boiling and zgnph to onset on hot side of cooling channel.
Water temps at same locations, Tfonb and Tfonbh, respectively.
w/ Average Heat Flux w/ Heat Flux - Hot Side
(59, Simllar tO 516) Twnb = Tosa’[ + ATsatlonbh
24 Gepi-D [ ATsupL + ATsatonb 1 , Gcpi-D T T dn
nb = ‘ - onbh = | fwnb = Hi— T
4 d)aV hO 4. 2\ ho
Zonb - 311m Zonbh = 245m
4-bav- Zonb 4-dav- Zonbh
Teonb =Tfi + ———— Tfonbh = Tfi + —————
Ttonp = 392K Tonph = 373K
Maximum Length of Cooling Channel, Lp, due to high pressure drop limit:
34-psi Si
Pressure Loss per Channel Length, hL hy = P h. = 202
1.7m m
Water Supply Pressure (gage), p P5 :=514.5psi — 14.7-psi P5 = 57.8psi
Pog :=20-14.5psi — 14.7-psi p2g = 275.3psi
Maximum Channel Length, Lp, at 5 bar
and at 20 bar
Ps5 P20
Lg ="~ Loo=——
hL hL
Ls =29m Log = 13.8m
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Define Graph Parameters:

om THi Tfi + ATtay Tfi + ATth
L TiL T + ATfay T + ATth
Zonbh Tfonbh Ttonbh + ATtay Tosat + ATsat.onbh
Z:= T:= Tw:= Twh:
Zonb Tfonb Tosat + ATsat.onb Tosat + ATsath
Zsc Tosat Tosat + ATsat Tosat + ATsath
S0m Tosat Tosat + ATsat Tosat + ATsath
Temp, degK vs. Distance, meters
440
426
412
398
Tt
+++ 384
¥ Ty
Bs00o 370
© Twh
(iS4 356

342

328

314

300

+++ Water Temp

B Ave Wall Temp

656 Wall Temp - Hot Side

Z
meters

Figure 17: EC Water/Wall Temperature Profile

Note: The pressure drop beyond the flow channel length is not reflected in the
water and channel wall temperature profiles above.
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Calculation of the Critical Heat Flux using Bowring Correlation:

Several empirical correlations have been developed for calculating the Critical

Heat Flux of uniformly heated tubes. Most of these methods suggest a local condition
hypothesis that the critical heat flux is solely a function of the mass quality at the point of
overheating, such as the MacBeth-Barnett and, Bowring correlations (Biasi does not). The
use of independent variables of mass velocity, G and distance along the heated tube, z
determines the degree of subcooling at the 'z' location of interest based on uniform heat into
the tube. The application of these relationships to a non-uniformly heated tube would result in
a lower critical heat flux value. In order to take into account the non-uniformity of heating, z
is set to '0', and the maximum heat flux (not average) is applied to the water conditions
existing at the outlet.

EC
Data range of Bowring: pressure 2-190 bar 2-20
tube dia 2-45 mm 9
tube length  .15-3.7m 1.7

mass velocity 136-18600 kg/m2-s 4000
Flow Conditions:

*Inlet Bulk Temperature: T = 303K

*Inlet Pressure: Pi=72psi Pi = Sbar
*Qutlet Pressure: Po = 38psi Po = 2.6bar
*Sat Temp In @ Pi: Tisat = 425K

*Sat Temp Out @ Po: Tosat = 402K

* Previously defined

Determine Bowring Parameters F1, F2, F3, F4 from Table 8.4, p. 354 at VVarious
Pressures P=1,2,5,17,20 bar:

Pressure, p: 1

2
Bowring Parameters: F1,F2,F3,F4 p:=| 5
Enthalpy, i .
nthalpy;, i 20

ifs = liquid enthalpy at 'p' and sat temp
ifg = heat of vaporization at 'p'
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At inlet system pressure:

1 bar 2 bar 5 bar 17bar 20 bar
F1 = 47¢ F1, = 4T7¢ Fly = 47¢ F1, = 47¢ F1, = 47¢
. = y =1. =1.01¢ = .48¢ =.
Bowring F2,:=178.  F2,:=150 F2,:=1.01 F2,:= .48 F2, = 441
Parameters
F3, =4 F3, = 4 F3,:=.4 F3,:=.4 F3, =4
F4,:=.000¢  F4,:=.001¢ F4, = 005 F4, = .040¢ F4g = 052!
Enthalpy i, fs-liquid saturated, fg-heat of vapor.
. joule . joule . joule . joule . joul
|fs1 = 419.1~M |fs2 = 503.7~M |fs3 = 635M |fs4 = 871-M |fs5 = 908m
gm gm gm gm gm
. joule . joul . joule . joule . joul
ifg. == 2257329 ifg .= 200232 ifg = 21150%C gy = 19241 g .- 1891.3%LC

Water Subcooling:

Subcooling of Water, ATgp, is the sat temp of water, Tgat |
at system pressure minus the actual water temp, T¥.

@ ECinlettemp  ATgpi = 122K (previously defined)

By Temperature:

@ ECoutlettemp  ATgy = 947K (previously defined)

By Enthalpy: The subcooling is the saturated liquid enthalpy
at the system pressure, ifs, minus the enthalpy
of water at the actual condtions, if (~=if@ sat

temp = actual water temp, p negl effect). 293.4
378
i . L Co joule
@ inlet ifj == :|_25_7.LUIe Aigypi := ifs — ifj Aligpj = | 509.3 g_m
gm 745.3
782.3
202.1
@outlet . joule o 286.7 |
ifg =217 —— Aigyhg = ifs — it oule
fo gm . ° Aigypo = | 418 |12
gm
654
691
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1.993
n:=20-.00725p (8.25) 1.986
n=| 1964

1.877

1.855

2317 REGHG) [ mS ) by 077F3D.G| >
] 4 joule
%

K
= < (8.24) G- J - (8.24)
10+ 0143F2D° [ L ).g| EM me-s
1.0+ 347.F4 g
6
6
2.1x 10 1.09
2.3x 10° 1.09
c=| 108
A=|32x10°
0.99
53x 10° 0.97
5.5x 10°

The critical heat flux at zo=0 determines the local critical heat flux at a known

subcooled condition. The water condition at the outlet is applied directly, instead
of allowing the formula to calculate the lower subcooling as the water
flows along the tube.

S

D-G-Aisubo-(—_m":’ j Z5:=01r
AL - joule
derBow =
1
C + Zo'_
m
N x 106
357x 10° 1
2
4.43x 10°
p=| 5
derBow = | 6.43x 10° | Watt/m? or 'N' watts/mm2 17
at p1, p2, p3, p4
112x 10" 20
1.21x 10"
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Calculation of the Critical Heat Flux using Biasi Correlation based on Quality at Outlet:

Subcooling defined Fluid Quality = (i,-ifs)/ifg (negative value denotes subcooled

By Quality, X condition):

— R

Inlet Outlet

. —Algybi - —Algybo
Condition: Xi:=— (4.70) Condition: Xg = —
ifg ifg
013 ~0.09
017 ~0.13
Xi=| -0.24 Xo=| -02
09 ~0.34
-0.41 037
fo = (.7249+ 099p-e '032'pj (8.27) 0.8
0.9
fo=| 11
b:=. forD<lcm 17
1.8
4 1.88310° fy
=10 - : . — X 8.27
fergi 1667 1667 (8.27)
D b cm2~s cm2~s
(_) s G
cm gm gm
2.9% 10°
35x 10°
derBi=| 4.6x 10° Watt/m2
7.2x 10°
75x 10°
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Calculation of Comparative Critical Heat Flux for Pool Boiling at 1 Atm:

Calculation at 1 atm and 19 atm, saturation conditions:

k:= L
24
1 atm 19 atm
pf = 958ﬁ o1 = .05878E pf = 853ﬁ o9 = .0355ﬂ
1 3 m 2 3 m
m m
pg =598 o apglMe 950 ¢p. = 455124
1 3 1 gm-K 2 3 2 gm-K
m m
g = 2257124 g = 1000124
1 gm 2 gm
. 5 .25
derPo 3=[(k' 'fg)'(P g) '[0'9'(Pfi - Pg)] } (4.58)
11x10° | 3
derPo = 6 kgs
3.3x 10

Calculation at 1 atm (100C sat) and 19 atm (210C sat), exit temperature,

TfL subcooled conditions:

Tq = 307.3K Exit Temperature

i ) 75 .
f
Bi=| 1| —| - _—pj
L \Pg Ifg
0.047 1
B= 4K
6.937x 10

derPoSub == ¢ch0'(1 + B'ATsub)

4.88x 10° | watt
derPoSub = -

1.45x% lO7 m2
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VI. EC Materials of Construction:

The material selected for use in the electron collector depends on
its durability during exposure to thermal cycling. Facfors that affect
material suitability for thermal loading are strength and properties
that minimize the thermal gradients and sfrain that develops from
thermal loading. The stress o will be proporfional the following
properties:

where o=stress, a=coef of expansion, k=conductivity,
c=specific heat

The mafterials considered for construction correspond fo those
evaluated in Reference (7), and included the following:

C17510  Beryllium Copper Brush Wellman

C18150  Zirconium Chromium Copper Scotf Forge

C15715  Glidcop Dispersion North American Hoganas
Strengthened Copper SCM Metal Products, Inc.
AL—15

Material properties have been estimated by the above manufacturers
for the tube form fo be produced for the EC, and are as follows:

Material c17510 C18150 C15715 C10200
BeCu ZrCrCu glidcop OFHC

Density, kg/m?> 8830 8900 8900 8950

Modulus of Elasticity, 20 17.4 19.4 17.0
10° psi

Conductivity, W/m—C 189 315 354 393

Coefficient of Expansion,17.7 17.1 16.6 17.6
ppm/C

Yield Strength, ksi 30 48 40 10.5

Tensile Strength, ksi 100 S7 52 32

Fatigue Strength, ksi 38—44 — — —

(10%cycles)
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The following table provides a summary of the thermal and stress
response of the EC during 50mS, 10 hz pulsing. Stfress values

occur at the end of the pulse.

Material C17510 C18150 C15715
BeCu ZrCrCu glidcop
Temperature Range, degC, 131—=151 119-136 114—-131
(At Max Temp Location)
Stresses:
Von Mises 40.2 34.7 32.3
Hoop, Max Tension +28.4 +23.9 +22.2
Max Compression —47.1 —40.6 —38.0
Axial, Max Tension +20.3 +17.0 +15.5
Max Compression —29.7 —25.1 —235.2
Stress Ratio, Yield/VM Stress 1.99 1.38 1.24

Other Factors:

1.

Manufacturing Methods. The BeCu parts of the EC will be
joined by electron beam welding insfead of furnace brazing.
Both BeCu and ZrCrCu lose strength if exposed to high
temperatures, such as those encountfered in the furnace
brazing process brazing. Glidcop has the advantage of
retaining ifs strength when exposed fo high femperatures

Cost. The unit costs for the manufacture of the raw,
unmachined EC cylinder, based on producing 2 units at the
same time, are:

Material Estimated Cost
Glidcop $20,000
ZrCrCu $3,000

BeCu — Std $3,800

BeCu — Hycon $7,800
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Conclusion

Beryllium copper provides the highest margin befween the actual
stresses developed and vyield stress (see Stress Ratio), then
Zirconium Chromium Copper, followed by gildcop. A comparison
using fatigue strength is not possible, since published values could
not be found for ZrCrCu and glidcop. The beryllium copper has
published values of 38—44 ksi for fatigue strength, although Brush
Wellman will not guarantee these values. Furthermore, the use of a
special high purity grade of beryllium copper, Hycon 3, will yield
even lower stresses and beffer fatigue endurance. Hycon has a
thermal conductivity equal to at least 65% of OFHC, while C15/10
is 48% minimum.

Previous research on the fatigue strength of copper alloys’ gives
test results for high sfress, low cycle (1O6> fatigue for the fhree
alloys above. Although not equivalent to high cycle fatigue, these
resulfs corroborate this conclusion, showing hycon 3, beryllium
copper providing higher fatigue performance over glidcop AL—25. In
these fesfs the performance of zirconium chromium copper is not
much better than OFHC copper, but cannot be used for comparison
due to the low hardness of the specimens (14.5 ksi yield
strength). The form of ZrCrCu considered for the electron collector
has a vyield strength of 48 ksi.
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